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Abstract: The kinetics of the oxidation reaction of ethanol with acid dichromate and permanganate was studied. The reactions were
found to be first order with respect to substrate concentration and oxidant concentration in both the cases. Pseudo-first-order kinetics
was found to be perfectly applicable with ethanol. The pseudo-first-order rate constants were found to be independent of concentration
of the dichromate. The rate constant increased with the increase of H* ion concentration in both cases. Negative salt effect was observed
with addition of KCI to the reaction mixture in case of dichromate as an oxidant. Addition of KCI to the reaction mixture has no effect
on the reaction mixture in case of permanganate as an oxidant. There is formation of an intermediate complex i.e. chromate ester in
case of dichromate. It is suggested that in case of permanganate the reacting species of manganese is Mn (I11) and the reactants pass
through a transition state involving the ethanol and Mn(l11). A suitable mechanism for the reaction were suggested which agrees with

the experimental findings.
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1. Introduction

Oxidation of ethanol has been studied extensively using
different oxidizing agents and in various media.'”’. Nanji
and Norman® showed that the alcohols can be oxidized
quantitatively by alkaline permanganate. In acid medium
ethanol® was oxidized by permanganate to the acetic acid
stage. In going through the literature, one finds
controversial results regarding the kinetics of these reactions
through all studies have proposed similar mechanisms. Some
reports suggested applicability of pseudo-first-order kinetics
with Michaelis-Menten kinetics"?. Other studies showed that
while long chain alcohols follow pseudo-first-order kinetics,
short chain alcohols fit to a two-exponential equation®.
Others reported that the reaction is first-order in both
substrate and oxidant*. This has motivated us to investigate
the oxidation of ethanol comparatively using both these
oxidants. This paper reports the comparative kinetics of
oxidation of ethanol in aqueous acidic media by using
potassium permanganate and potassium dichromate as an
oxidants. Potassium dichromate was reported to oxidize
primary alcohols to the corresponding aldehydes which in
turn are oxidized to carboxylic acids'®. We observed that
when the concentration of ethanol is much greater than that
of the oxidant further oxidation of the acetaldehyde to the
acetic acid will be stopped. This condition will also useful in
achieving pseudo-first-order conditions.

2. Experimental
2.1 Materials

Materials like ethanol, sulfuric acid, potassium
permanganate, potassium dichromate and potassium chloride
were of analytical grade having make s.d. Fine chemicals.
All chemicals were used as received without further
purification. Stock solutions of sulfuric acid (4 mol dm™),
potassium permanganate (0.1mol dm®) and potassium

dichromate (0.1mol dm™>) were prepared in double-distilled
water and kept in the dark until needed.

2.2 Kinetic Measurements

A volume of 50 ml of sulfuric acid and 5 ml of oxidants was
transferred to two separate 250 ml conical flasks and kept in
a thermostated water bath along with a separate vessel that
contained the required amount of alcohol. After thermal
equilibrium was reached, the alcohol was added to the
sulfuric acid—potassium permanganate mixture with gentle
stirring and the absorbance of reaction mixture was
measured at specific time intervals. The absorbance was
read at 525 nm with a UV/Vis-Elico BL 198 Bio-
spectrophotometer. In a similar way after thermal
equilibrium was reached, the alcohol was added to the
sulfuric acid— potassium dichromate mixture with gentle
stirring and the absorbance of reaction mixture was
measured at specific time intervals. The absorbance was
read at 440 nm with a UV/Vis-Elico BL 198 Bio-
spectrophotometer. The concentration of ethanol was varied
over the range 0.02-0.10 mol dm™ (20-fold excess) which
ensures pseudo-first-order conditions. To study the
temperature dependence of the reaction, the reaction
temperature was varied between 10 and 40°C. The salt
effects were examined by running separate experiments
while varying the concentration of KCI and keeping all other
conditions fixed.

2.3 Product Analysis and Stoichiometry

An aliquot of 50 ml of the reaction mixture was used after
reaction completion for product detection and analysis. This
solution was treated with an excess of a saturated solution of
2,4-dinitrophenylhydrazine in 2 mol dm™ hydrochloric acid
and kept overnight under refrigeration®. Yellow precipitates
formed which were filtered, washed, recrystallized from
ethanol and dried. The melting points of the precipitates
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were found to match those of 2,4-dinitrophenylhydrazones
(DNPs) of acetaldehydes. The yields of the DNPs were in
the range 45-70 %. The oxidation of ethanol by potassium

Cry07 2 + 3C,H50H + 8HY —— 3CH,ZCHO + 2Cr*3 + 7H,0
2MnO, "+ 5C,H5OH + 6H" —— 5CHZCHO + 2Mn*? + 8H,0

3. Results and Discussion

The plots for ethanol gave excellent fit to straight lines.
Beniso and Rodenas® have observed this behavior with
methanol and ethanol when oxidized with dichromate in
HCIO, medium and explained this behavior by a mechanism
which involves an intermediate reaction between chromic
acid and HCIO,. In this study, in which the solvent is H,SO,,
no deviation from linearity was observed with ethanol. The
observed rate constants ks, Were calculated from the slopes
of the straight lines. These values obtained for different
concentrations of the ethanol and for a fixed concentration
of dichromate and permanganate are presented in table 1 and
2 respectively.

Table 1: Values of K, obtained for various concentration
of Ethanol with [K,Cr,0-] = 1.7x10"® mole dm™®, [H,SO,] =
0.02 mol dm at 298 K

Sr. No. Concentration of | Observed rate Q?r\stant

Ethanol K ops/mMin
1 0.05 0.188
2 0.06 0.219
3 0.07 0.287
4 0.08 0.361
5 0.09 0.420
6 0.10 0.518

Table 2: Values of K, obtained for various concentration
of Ethanol with [KMnO,]= 6.0 x10” mole dm?, [H,SO,] =
0.04 mol dm™ at 298 K

Sr. No. Concentration of | Observed rate_: q?nstant
Ethanol K gps/Min
1 0.02 0.382
2 0.04 0.413
3 0.06 0.589
4 0.08 0.669
5 0.10 0.712

3.1. Effect of Variation of Alcohol Concentration:

The observed rate constants ko, were plotted against
concentrations of ethanol in Fig. 2.

The plots were fitted successfully to straight lines indicating
that the order of the reaction with respect to alcohol is unity.
To confirm this result, the logarithms of the rate constants

dichromate to give the acetaldehyde can be represented by
the following Stoichiometry:

U]
2
3.2. Effect of Concentration of the Oxidant:

For dichromate the values of kg, for ethanol at 298 K at
different concentrations of dichromate and fixed ethanol
concentration (0.09 mol dm™) are presented in Table. 2.
These values are the same within 4 % of error which
indicates that there is no effect of the concentration of the
oxidant on the observed rate constant. The explanation
which was given is that variation of dichromate
concentration leads to a change in the protonated chromate
ion concentration which is believed to be the effective
oxidant. This effect was not observed in this work and other
related works™ and leads us to believe that solvent plays a
decisive role in this regard.

The values of the rate constants were calculated for different
permanganate concentrations. In this case, the total volume,
ionic strength, concentration of H,SO, and the substrate
concentrations were kept fixed. The only variable for each
mixture was the permanganate ion concentration. It has been
found that the rate constant tends to diminish as the
concentration of the oxidant increases. Table 2 summarizes
the rate constants for different concentrations of the
oxidants.

Table 3: Values of the observed rate constant at varying
concentrations of K,Cr,0,, KCl and H,SO, at 298 K

Sr. | Concentration | [K,Cr07] | [H2SO4] | [KCI] | Kobs!
No. | of Ethanol | Mol dm™ | Mol dm™ |Mol dm?| min™
1 0.08 1.1 0.02 0 0.408
2 0.08 1.3 0.02 0 0.401
3 0.08 1.5 0.02 0 0.397
4 0.08 1.7 0.02 0 0.410
5 0.08 1.9 0.02 0 0.402
6 0.08 1.7 0.01 0 0.293
7 0.08 1.7 0.02 0 0.361
8 0.08 1.7 0.03 0 0.419
9 0.08 1.7 0.04 0 0.512
10 0.08 1.7 0.05 0 0.593
11 0.08 1.7 0.02 0.05 0.236
12 0.08 1.7 0.02 0.06 0.193
13 0.08 1.7 0.02 0.07 0.151
14 0.08 1.7 0.02 0.08 0.098
15 0.08 1.7 0.02 0.09 0.067

Table 4: Values of the observed rate constant at varying

were plotted against the logarithms of ethanol .

concentrations. The plots were also linear with slopes close concentrations of KMnO,, KCl and H,SO, at 298 K
to unity Sr. |Concentration | [KMnO,4] | [H,SO4] | [KCI] Kobs/
' No. | of Ethanol | Mol dm™ |Mol dm™ [Mol dm™® | min®
. . 1 0.06 2.0 0.04 0 0.615
He.rtltce, the general rate equation of the reaction can be > 0.06 40 0.04 0 0.533
written as. . 3 0.06 6.0 0.04 0 [0.459
R = K [Alcohol][Oxidant] 2 0.06 80 0.04 0 |o0348
. 5 0.06 6.0 0.02 0 0.342
Where, K is the second-order rate constant, the values of 6 0.06 6.0 0.04 0 0.493
which at 298 K are shown in Table. 1 and 2 respectively. 7 0.06 6.0 0.06 0 0617
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8 0.06 6.0 0.08 0 0.706
9 0.06 6.0 0.10 0 0.790
10 0.06 6.0 0.04 0.02 0.595
11 0.06 6.0 0.04 0.04 0.585
12 0.06 6.0 0.04 0.06 0.596
13 0.06 6.0 0.04 0.08 0.590
14 0.06 6.0 0.04 0.09 0.601

3.3 Effect of variation of H,SO,:

The values of kg, for ethanol oxidation at 298 K at various
concentrations of sulfuric acid and fixed concentrations of
alcohol and oxidant are shown in Table 3 and 4. As the
concentration of sulfuric acid decreased, the observed rate
constant decreased remarkably in case of both the oxidants.

3.4 Effect of Salt Concentration:

The values of kg, for ethanol oxidation reactions in the
presence of varying concentrations of KCI are shown in
Table 3 and 4. For dichromate as oxidant the rate constant

Table 5 a)Temperature dependence
K,Cr,0;= 1.7 x 10”® mole/dm?®,
H,SO,4 = 0.02 mol/dm?®,

Ethnanol = 0.08 mole/dm?®

decreased with addition of KCI and this decrease continued
with further additions of the salt but with lower rate. The
negative salt effect indicates that the rate-determining step of
the reaction occurs between reactants of opposite
charges(Table 3). For Permanganate as oxidant the reactions
have been studied for varying concentration of KCI. It has
been found that KCI salt has no effect on the reaction (Table
4).

3.5 Temperature Dependence:

It is found that linear plots resulted when logky,s vs 1/T.
Activation energies of the reactions were calculated from the
slopes of the lines and are shown in Table 5a) and b)
respectively along with other kinetic parameters Ea, AH*,
AG* and AS*. Negative transition entropies indicate an
associative transition state. The comparable values of AG*
indicate that a similar type of mechanism is operative for the
oxidation of Ethanol®.

b) Temperature dependence
KMnO,= 6.0 x10® mole/dm?®,
H,SO, = 0.04 mol/dm3,

Ethnanol = 0.06 mole/dm?

Sr. Temp °C Kops/min? Thermodynamic Sr. Temp Kops/min’? Thermodynamic
No. x10? Parameters No. °C x10? Parameters
1 10 1.9384 Ea = 46.9350 kj/mole, 1 10 2.017 _ .
2 20 3.6239 | AH*= 42.0810 kj/mole, 2 |20 3.728 Ao sbsskmole
3 30 5.4033 AG 80.7523 kj/mole, 3 30 2.910 AG*= 87 .1390 kj/mole’
AS*=123.7390JK ’ 1 1
4 40 8.1078 Imole 4 40 8.535 AS*=154.808]JK"mole

4. Mechanisms

a) For K,Cr,0; as oxidant:

Based on our experimental results, the most suitable
mechanism for the reaction is represented in Scheme 1,
where the protonated ethanol approaches the chromate anion
resulting in formation of an intermediate complex it is called
as chromate ester***®, This complex dissociates in the rate-
determining step to furnish the acetaldehyde and Cr(IV).
Cr(IV) is involved in further reaction with Cr(VI) to give
Cr(V) that is reduced by an additional molecule of alcohol to
finally give Cr(lll). The oxidation of alcohols by potassium
dichromate in H,SO,4 medium follows pseudo-first-order rate
kinetics. In general, the reaction is first-order with respect to
both alcohol and dichromate. The pseudo-first-order rate
constant is found to be independent of oxidant
concentration. The rate of the reaction reduces with the

addition of salts. The proposed mechanism involves the
chromate ion and protonated alcohol as reactants with
chromate ester'® as an intermediate complex. Hence a
planar, cyclic and symmetrical transition state can be
predicted for the decomposition of the ester intermediate.
The overall mechanism proposed is involving the formation
of a chromate ester in a fast pre-equilibrium step and
resultant decomposition of the ester intermediate in a
successive slow step via symmetrical transition state giving
the product®. The rate determining step is the decomposition
of the chromate ester via cyclic transition state and it
involves the ruptures of & C-H bond and forming the
product??, It is reported that the chromate ester has greater
stability in organic solvents than in water®*®. The higher
negative AS values involves the formation of a chromate
ester with a high degree of orderedness supporting cyclic
intermediate formation.
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Chromate ester

lslow

CH;CHO + Cr(1V)

fast
Cr(lv) + Cr(VI) — 2Cr(V)

fast
Cr(V) + Ethanol ——— Acetaldehyde + Cr(111)

The variation of log ko Vs log[Ethanol], log Keps Vs 10g[H>SO,4], log Kgps Vs 10g[KCI] and log Keps Vs log[oxidant] for
K,Cr,0- are shown in the graphs as under
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b) For KMnQ, as oxidant:

In case of permanganate it is suggested that co-ordinated intermediates are first formed through rapidly established

equilibrium between the Mn(l11) ion and Ethanol. The resultant complex then disproportionate to give the ethoxy radical
CH,CHj

fast
Mn----0_ complex

CHyCH, ——OH + Mn(lll)

H
K | rate determining
step

CH3CH,——0 + Mn(ll)
Here, CH3CH,0¢ being an ethoxy radical.
Further, the free radical takes up Mn(l11) by fast step and forms rest of the products as below.
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CH3CH,

O +

fast

Mn(Ill) ——» CH4CHO

+ Mn(ll) + H*

The variation of log Kqps Vs log[Ethanol], log Keps Vs 10g[H,SO,], log Keps Vs 10g[KCI] and log ks Vs log[oxidant] for

KMnOQO, are shown in the graphs as under
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It has already been revealed that there is a period of disorder
at the beginning of the reaction due to the formation of di, tri
and tetravalent manganese ions slowly followed by a final
period in which the compounds of intermediate valence react
rapidly to give the stable Mn(lll), it then reacts with the
Ethanol. The absence of the effect of indifferent salt like
KCI on the rate imples that the reaction passes through a free
radical or else the rate would have been affected by the
change in ionic strength®. Also it is noteworthy that some
unimolecular reactions have high velocities” with the
frequency factors of the order of 10" sec™ or less. This may
be due to the fact that activated complex has a more rigid
structure than the initial state and thus change in entropy
AS* is negative. It is accounted that the entropy of activation
tends to be more negative for reactions of inner sphere
nature. Though, the formation of free radicals during the
course of reaction might support the one-electron transfer
mechanism of inner sphere nature?. The decrease in rate of
the reaction with the increase of oxidant concentration may
be recognized to the formation of stronger complexes in the
presence of excess of oxidant. While, revere is the
observation when the substrate is in excess, in which case
the rate constant is higher®.

5. Conclusion

K,Cr,0;: The oxidation of ethanol using potassium
dichromate in acidic conditions involves the formation of
chromate ester which decomposes to give the product. The
reaction was found to be first order with respect to substrate
and oxidant concentrations. No change in the rate of reaction
on polymerization in the presence of acrylonitrile verifies an
electron transfer reaction. A & C-H bond is cleaved in rate-
determining step. The overall reaction involves the
formation of a chromate ester in a fast pre-equilibrium step.
The resultant chromate ester intermediate in a successive
slow step via symmetrical transition state gives the final
product acetaldehyde.

KMnO,: The oxidation of ethanol using potassium
permanganate in acidic conditions is found to be first order
with respect to substrate concentration and oxidant
concentration. The rate constant increased with the increase
of H" ion concentration. Addition of KCI to the reaction
mixture has no effect on the reaction mixture in case of
permanganate as an oxidant. It is suggested that in case of
permanganate the reacting species of manganese is Mn (I11)
and the reactants pass through a transition state involving the

Volume 12 Issue 12, December 2023

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SR231207185752

DOI: https://dx.doi.org/10.21275/SR231207185752

690



International Journal of Science and Research (1JSR)
ISSN: 2319-7064
SJIF (2022): 7.942

ethanol and Mn(lll). Thus co-ordinated intermediate first [27] S. Glasstone, "Text book of physical chemistry', p.

formed through rapidly established equilibrium between 1110. Macmillan & Co. Ltd., London, 2™ Ed., 1960.
Mn(l11) ion the ethanol which disproportionate to ethoxy [28] R Stewart, The mechanisms of permanganate
radical in slow step. This radical then reacts with Mn(l11) in oxidation. Ill. The oxidation of benzhydrol, J Am
fast step to give the final product acetaldehyde. Chem Soc. 1957;79:3057—-3061.
[29] Refat Hassan, Samia lbrahim, Suzan Sayed, Int J
References Chem Kinet. 2018;1-9. DOI: 10.1002/kin.21212.
[1] M. Baghmar and P. Sharma, Proc. Indian Acad. Sci.
(Chem. Sci.), 2001, 113, 139-146.
[2]1 D. Mahadevappa and H. Naidu, Australian Journal of
Chemistry, 1974, 27, 1203-1207.
[3] E. Beniso and E. Rodenas, Transition Met. Chem.,
1993, 18, 329-334.
[4] K. Sengupta, T. Samanta and S. Basu, Tetrahedron,
1986, 42, 681-685.
[5] C. Bunyakan, T. Akuru, and J. Chungsiriporn, PSU-
UNS International Conference on Engineering and
Environment, 2005, Novi Sad, Serbia, pp. 1-4.
[6] M. Ghiaci, R. Kalbasi and M. Sedaghat, Org. Process
Res. Dev., 2003, 7, 936-938.
[71  P. Heinstra, G. Thorig,W. Scharloo,W. Drenth and R.
Nolte, Biochem. Biophys. Acta, 1988, 967, 224-233.
[8] D. R. Nanji and A, G. Norman, J. Soc. Chern. fnd.
(London),1926, 45, 337 T
[9] KolthoR and Belcher, "Volumetric analysis", Vol. 1ll,
525, Interscience Publishing Inc., New York, 1957.
[10] J. March, Advanced Organic Chemistry,Wiley,
Singapore, 1999, p. 1196.
[11] M. Pandeeswaran, B. John, D. Bhuvaneshwari and K.
Elango, J. Serb. Chem. Soc., 2005, 70, 145-151.
[12] K.J. Laidler, Chemical Kinetics, Pearson Education,
Singapore, 1987, p. 197.
[13] S. Patwari, S. Khansole and Y. Vibhute, J. Iran.
Chem. Soc., 2009, 6, 399-404.
[14] Anita Kothari, Seema Kothari and Kalyan K Banerje,
Indian Journal of Chemistry, Vol. 44A, October 2005,
pp 2039-2044.
[15] K.B.Wiberg, Oxidation in Organic Chemistry, Part
A; Academic Press: New York, 1965;p 69.
[16] Doyamoy Dey and Mahendra K. Mahanti, J. Org.
Chem. 1990, 55, 5848-5850.
[17] Irona Nongkynrih & Mahendra K. Mohanti, Bull.
Chem. Soc. Jpn.,1996, 69, 1403-1407.
[18] Irona Nongkynrih & Mahendra K. Mohanti, Bull.
Chem. Soc. Jpn.,1995, 68, 3325-3329.
[19] Hina Harit, B. L. Hiran and S. N. Joshi, Chemical
Science Transactions, 2015, 4(1), 49-58.
[20] K. Bijudas, Oriental Journal of Chemistry, ISSN:
0970-020 X, CODEN: OJCHEG ,2014, Vol. 30, No.
(3): Pg. 1391-1396.
[21] Amit Daiya, Deepika Sharma, Manju Baghmar, Pallvi
Mishra, Shobha Sharma and Vinita Sharma, Eur.
Chem. Bull. 2012, 1(3-4), 75-80.
[22] K K Banerji, J Org Chem., 1988, 53(10), 2154-2159;
DOI:10.1021/jo00245a004
[23] K K Banerji, Eur Chem Bull., 2013, 2(10), 816-824.
[24] J K Beattie and G P Haight, Progr Inorg Chem
Inorganic Reaction Mechanism, 1972, (11)17, 93-145.
[25] K B Wiberg and H Schafer, J Am Chem Soc., 1969,
91, 927-932; DOI:10.1021/ja01032a023.
[26] Benerjee, Jayanta; Sengupta, K Kalyan., The Review

of Physical Chemistry of Japan, 1965, 34(2): 81-87.

Volume 12 Issue 12, December 2023

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SR231207185752 DOI: https://dx.doi.org/10.21275/SR231207185752 691





